The anionic sugar-phosphate backbone of nucleic acids substantially contributes to their structural flexibility. To model nucleic acid structure and dynamics correctly, the potentially sampled substates of the sugar-phosphate backbone must be properly described. However, because of the complexity of the electronic distribution in the nucleic acid backbone, its representation by classical force fields is very challenging. In this work, the three-dimensional potential energy surfaces with two independent variables corresponding to rotations around the R and γ backbone torsions are studied by means of high-level ab initio methods (B3LYP/ 6-31+G*, MP2/6-31+G*, and MP2 complete basis set limit levels). [3817][3818][3819][3820][3821][3822][3823][3824][3825][3826][3827][3828][3829] force fields to describe the various R/γ conformations of the DNA backbone accurately is assessed by comparing the results with those of ab initio quantum chemical calculations. Two model systems differing in structural complexity were used to describe the R/γ energetics. The simpler one, SPM, consisting of a sugar and methyl group linked through a phosphodiester bond was used to determine higher-order correlation effects covered by the CCSD(T) method. The second, more complex model system, SPSOM, includes two deoxyribose residues (without the bases) connected via a phosphodiester bond. It has been shown by means of a natural bond orbital analysis that the SPSOM model provides a more realistic representation of the hyperconjugation network along the C5′-O5′-P-O3′-C3′ linkage. However, we have also shown that quantum mechanical investigations of this model system are nontrivial because of the complexity of the SPSOM conformational space. A comparison of the ab initio data with the ff99 potential energy surface clearly reveals an incorrect ff99 force-field description in the regions where the γ torsion is in the trans conformation. An explanation is proposed for why the R/γ flips are eliminated so successfully when the parmbsc0 force-field modification is used.
Introduction
Molecular dynamics (MD) simulations of nucleic acids (NAs) are especially challenging owing to both the high flexibility of DNA and RNA on the one hand and the crucial role played by long-range electrostatic interactions on the other. This had complicated their simulation for many years. [3] [4] [5] [6] [7] [8] [9] [10] Fortunately, progress in the development of simulation methods over the past decade, including the availability of balanced molecular mechanical force fields 11, 12 and efficient methods to handle longrange electrostatic interactions, 13, 14 has paved the way toward reliable nano-to microsecond simulations of NAs. 15, 16 One of the leading force fields for the modeling of NAs has been the Cornell et al. ff94 force field 11 and its improved variants ff98 17 and ff99, 1 which are available in the AMBER suite of programs. 18 The ability of the AMBER force field to describe base stacking and base pairing accurately and consistently has been demonstrated by comparing the results with those of ab initio calculations. 19, 20 In spite of some known deficiencies, such as the visible under-twisting of the B-DNA double helix, 6 ,21 short explicit solvent MD simulations using the AMBER force fields have been rather effectively applied to a variety of systems. [3] [4] [5] [6] [7] [8] [9] [10] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The AMBER force fields have also been successful in studies of RNA molecules, including those that exhibit a wide range of non-Watson-Crick base pairings, tertiary interactions, and complex backbone topologies. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] These studies have also emphasized the importance of NAs' sugar-phosphate backbone flexibility, which is delimited by six main-chain torsion angles (designated as R through ), in addition to the five internal sugar torsions (denoted as τ 0 through τ 4 , which can be succinctly described by the puckering and the phase angle 44 ), and the glycosidic angle 45 (see Figure 1 ). Free duplex B-DNA frequently populates two distinct backbone conformational substates, referred to as B I and B II . They are characterized by the following average torsion angles: R ) 299°, ) 179°(B II : ) 143°), γ ) 48°, δ ) 133°(B II : δ ) 143°), ) 182°(B II : ) 251°), and ) 263°(B II : ) 168°). While the B I /B II conformational variability involving and torsion angles was extensively studied both experimentally [46] [47] [48] [49] and theoretically, [50] [51] [52] much less is known about the structural and energetic changes involving other torsion angles, such as the R and γ torsions. [53] [54] [55] However, the variations in these angles were shown to be important in complexes of DNA with ligands and proteins. [56] [57] [58] [59] [60] [61] [62] [63] In addition, an occurrence of irreversible R/γ backbone flips in B-DNA simulations longer than 10 ns 21,64,65 was observed when AMBER ff94 or ff99 was used. Their accumulation leads to substantial distortion (unwinding) of the B-DNA double helix. Fortunately, this undesired effect does not occur in RNA simulations of a similar length, where related backbone flips are short-lived, reversible, and compatible with experimental backbone substates, which is interesting. 66 In addition to this distortion of the DNA helical structure, failures of the force field are responsible also for improper descriptions of the backbone topologies of single-stranded connecting loops in guanine quadruplex DNA molecules. 67 The DNA backbone conformation reflects a balance between the intrinsic (gas-phase) torsional energetics and other "external" forces, such as the influence of the environment and noncovalent interactions between different parts of the molecule. Steric considerations alone dictate the restriction of backbone angles to discrete ranges, with several backbone torsions being highly correlated. 46, 68 Moreover, additional restraints are imposed by Watson-Crick base pairing and by base stacking. A proper force-field description of the backbone is difficult because of its polarizable anionic nature, resulting in a conformational dependence of atomic charges. This complicates all the efforts to achieve fine-tuning of the force fields. A relevant contribution in this direction is the parmbsc0 2 force field, which has an improved backbone γ torsional profile, allowing for long timescale simulations of B-DNA duplexes without any significant loss of helical structure.
Since it is virtually impossible to dissect the individual torsional contributions from experimental data alone, quantum mechanical (QM) calculations provide a promising alternative means for deriving the intrinsic torsion properties and energetics of the DNA backbone. Though the early theoretical attempts using semiempirical QM calculations 69-74 have provided valuable insights into the gross conformational properties of DNA constituents, their limited accuracy precluded the detailed quantitative investigation. However, recently it has become possible to analyze these conformational properties using highlevel ab initio QM methods. 55, [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] In this paper, we attempt to gain insight into the complexity, modeling, and conformational flexibility of the DNA backbone. This is achieved by calculations on two model systems mimicking the basic building block of the DNA phosphodiester backbone. Various QM approaches, in concert with molecular mechanics calculations using the AMBER ff99 force field and its parmbsc0 variant, were utilized throughout the study.
Methods
Model Systems. The choice of an appropriate model system is a critically important step in any QM treatment of biologically relevant macromolecules. The ideal model should be as small as possible (thus making it possible to use high levels of theory) but still large enough to be able to include all relevant chemical moieties. Moreover, the investigations of large model systems in the gas phase lose relevance as their optimal structures, and the balance of forces, are typically far from what is observed in the complete systems within biologically relevant environments. This suggests that smaller model systems be used, specifically systems that retain the essential character of the larger biomolecule yet can be extensively conformationally sampled at high theoretical levels. Accordingly, two models have been considered (Figure 2 ): (i) a small system (denoted as SPM) consisting of sugar and methyl groups linked via a phosphodiester bond, and (ii) a larger system mimicking a dinucleotide step but without bases (referred to as SPSOM). The SPSOM model system contains two 2′-deoxyribose molecules linked via a phospohodiester bond. Additionally, to prevent unrealistic energies and bumps in the potential energy surface (PES) for certain conformations owing to spurious intramolecular hydrogen bonding, the terminal hydroxyl groups were methylated. Atomic numbering and the definition of the torsion angles for deoxyribonucleotide. The nucleotide backbone is defined by the P-O5′-C5-C4′-C3′-O3′ linkage. The torsion angles (in red) represent the rotation around the given angle defined by the four atoms along the backbone. It is customary to describe the backbone torsional angles of ∼60°as gauche + (g + ), of ∼300°as gauche -(g -), and of ∼180°as trans (t).
Figure 2.
The SPM (sugar-phosphate-methyl) and SPSOM (sugarphosphate-sugar) model systems. The atom numbering follows the standard DNA numbering scheme. The R torsion angle is defined as O3′(n -1)-P-O5′-C5′ and the γ torsion angle as O5′-C5′-C4′-C3′.
The exclusion of the bases from the SPSOM model avoids a huge conformational bias resulting from the stacking and the omission of the full context of the surrounding double helix. Moreover, it also facilitates theoretical study, because the treatment of the dispersion component of base stacking, whose theoretical description is very demanding, 86, 87 is not necessary. The inclusion of nucleobases would also amplify artifacts arising from the intramolecular basis set superposition error (BSSE; see Ab Initio Calculations section below) associated with base stacking. In addition, only one anionic phosphate was included to avoid a dominant contribution of the electrostatic repulsion between phosphates. Consequently, the SPSOM system, which has been tailored to be of minimal complexity, effectively retains all the features characteristic for the DNA building blocks, and it is currently the largest (or electronically most complete) meaningful model for an ab initio investigation of the sugar-phosphate segment of DNA.
Amber Potential Energy Surface. The PESs of the SPM and SPSOM models were first investigated using Amber8 18 with the ff99 force field. 1 To obtain AMBER-compatible charges, the charges of both model systems were derived with the standard RESP fitting 88 on the HF/6-31G* electrostatic potential computed for a system optimized at the HF/6-31G* level of theory (Supporting Information, Figure S1 ).
A two-dimensional PES of SPM was constructed by varying the R and γ torsions independently in 30°increments within the range between 0°and 360°. In addition, the δ angle was fixed (or tightly restrained) to its value derived from fiber diffraction data (δ ) 143°), 89 after which the rest of the system was optimized. The larger step of 30°was selected so as to make the amount of QM calculations computationally tractable. For the SPSOM model system, the R and γ torsion angles were varied independently in 5°increments in molecular mechanics optimizations with the ff99 force field. This resulted in a conformational map consisting of 5184 points. Minimization with the ff99 force field, with the R and γ torsions constrained, allowed all other coordinates to fully relax away from their respective canonical B-DNA values. 57, 90, 91 [In Amber, constraints imply strictly fixed values, whereas restraints refer to the usage of an energy penalty function which pushes the given quantity toward a desired target value or region of values. It is impossible to maintain fixed torsion angles within Amber; however, as a high restraint of 3000 kcal · mol -1 was used, the torsions will further be referred to as constrained. On the other hand, the fixed torsions in ab initio are true constraints.] Finally, the PES of the SPSOM system was also constructed using the parmbsc0 force-field modifications. 2 parmbsc0 represents a reparameterization of the nonpolarizable ff99 17 Amber force field for NA simulations. The new parametrization has been limited to improving the representation of the R/γ conformational space, which is poorly described in very long DNA simulations with current Amber force fields. 21, 64, 65 Thus, only the parameters for R and γ torsions were changed compared to the original ff99 version, and no other effects, such as, e.g., the anomeric (gauche) effect, [92] [93] [94] were explicitely targeted. The parametrization process was based on the B3LYP and LMP2 PESs of the SPM model system validated by CCSD(T)/CBS calculations. Fitted parameters have been tested by the very extensive set of simulations including a B-DNA all-atom simulation on the microsecond scale. 16 The sampling of the conformational space has several limitations, the most serious of which is the fact that, when the R and γ angles are driven away from their canonical values (g -for R and g + for γ), it often results in substantial changes in other torsions that correspond to the global PES minima (for a given combination of the R and γ torsions). Without doubt, any given R/γ combination may yield multiple local minima on the PES, and, because of the presence of barriers, the optimization may be trapped in any of these. We have made considerable efforts to construct the R/γ map starting from various noncanonical structures in order to describe different parts of the R/γ space. Despite the fact that we cannot guarantee full relaxation at each point of the R/γ map, we suggest that the resulting map is of sufficient quality for our present purposes.
Ab Initio Calculations. When performing ab initio calculations it must be realized that the BSSE is present in all molecular electronics calculations in which orbitals are approximated by expansion in basis set function centered on nuclei that are dependent on the geometry of the studied system. BSSE typically arises in the calculation of intermolecular potential, in which case a supersystem and individual subsystems are described unequally. When the basis set is extended, the BSSE becomes smaller, and it vanishes when an infinite basis set (determined by the extrapolation to the complete basis set (CBS)) is used. 95 In the case of finite basis set, the intermolecular BSSE is commonly corrected by the counterpoise correction 96 method.
However, BSSE is present not only in systems with separate molecules, but it always occurs when comparing energies of two different isolated moieties. Such a BSSE, which is usually regarded as a part of the basis set incompleteness error, is called intramolecular BSSE. [97] [98] [99] Hartree-Fock (HF) and density functional theory (DFT) methods yield smaller BSSEs (both inter and intramolecular), while correlated techniques (MPn or coupled cluster methods) are characterized by larger BSSE values. 100 Though not that widely studied as intermolecular BSSE, the magnitude of the intramolecular BSSE for some commonly used basis sets was reported. 98, 99 The influence of intramolecular BSSE on the geometries and energies was described, e.g., for intramolecular hydrogen bonding 97, 101 or for helicenes. 102, 103 Though several schemes for the intramolecular BSSE compensation were proposed, 97 the most physically justified method to eliminate intramolecular (as well as intermolecular) BSSE is to perform the calculations with large basis set, 98 ideally going up to the CBS limit. 95, 103 The PES for the SPM model was explored at the B3LYP/6-31+G* level with a grid spacing of 30°. At each grid point, the model was fully optimized, but for R and γ (fixed at the grid values) and δ (fixed at a fiber diffraction value of 143°), it was started from the corresponding ff99 geometry (see above). 89 The minima identified on the B3LYP PES were subsequently reoptimized at the MP2/aug-cc-pVDZ level, but with the R and γ fixed at the values corresponding to the minima, and δ fixed at the fiber diffraction value. To eliminate the basis set incompleteness error, the minimum energy conformations were re-evaluated by means of MP2 calculations extrapolated to the complete basis set (CBS) limit.
However, since the intramolecular BSSE cannot be accounted for by the counterpoise procedure during optimization, 96 we were not able to obtain the BSSE-corrected optimized geometries. As a result, the CBS extrapolation eliminates only a part of the overall BSSE artifact, while the geometries remain affected by the BSSE, which may consequently also bias the energies. The MP2/CBS energies were estimated using the extrapolation scheme suggested by Helgaker et al. 104 ,105 and Dunning's augmented correlation-consistent basis sets of doubleand triple-quality (aug-cc-pVDZ and aug-cc-pVTZ; eq 1): 106
Because of the high computational demands of MP2 calculations with the employed basis sets, the resolution of identity MP2 (RI-MP2) method 107, 108 was used throughout the work. In the RI-MP2 method, two-electron, four-center integrals are replaced by linear combinations of two-electron, three-center integrals via the introduction of an auxiliary fitting basis set, [107] [108] [109] [110] which results in an acceleration of around 1 order of magnitude as compared to the standard MP2 calculations. 109, 111, 112 Moreover, when the auxiliary fitting basis is selected carefully, the molecular structures and relative energies computed at the MP2 and RI-MP2 levels are virtually identical. 109, 112, 113 The smaller size of the SPM system has also made it possible to evaluate higher energy contributions beyond the MP2 treatment. Assuming that the difference between the CCSD(T) and MP2 energies (denoted as ∆CCSD(T)) exhibits only a small basis set dependence, 114, 115 the CCSD(T) energies at the complete basis set level (the CBS(T) method) were estimated as
For the SPSOM model system, computational demands currently preclude the full potential energy scan at the ab initio levels of theory, which has led to the adoption of a simpler method. On the basis of the shape of the ff99 PES generated, several (typically 3-5) conformations surrounding the individual minima identified on the ff99 PES (with varying R and γ angles) were subjected to a constrained ab initio minimization. Assuming a parabolic shape of the PES in the vicinity of the local minima, a quadratic fit was performed on the calculated energies, and the R/γ angles corresponding to the local minima were identified. The local minima were found on the PESs at the B3LYP/6-31+G* and MP2/6-31+G* levels. Approximately 60 points were investigated on each of these PESs. The MP2/CBS energies were subsequently determined using the MP2/6-31+G* geometries. The electronic structure of the SPSOM system was described by the natural bond orbital (NBO) analysis [116] [117] [118] of the electronic density performed with Gaussian 03. 119 As solvent effects might introduce significant changes in the torsional profile, the influence of hydration was investigated using the MST continuum model. 120 The calculations were performed by using the recently parametrized semiempirical RM1 version of the MST model. 121 The conformational preferences in solution were estimated by combining the energy difference in the gas phase and the hydration free energy determined from the MST calculations.
The MST results were compared to the empirical model for calculating the electrostatic component of the solvation free energy based upon the Poisson-Boltzmann (PB) equation. A grid with a grid step of 0.5 Å/grid (a solute occupancy of 10%) was defined, and, for comparison, another computation was performed with a reduced grid step of 0.25 Å/grid (occupancy of the grid box of 25%). PB computations were performed using a permittivity of 78.5 for the solvent, and 1.0 for the interior of the solute.
The RI-MP2 and DFT calculations were performed employing the Turbomole 5.8 package. 122 The CCSD(T) correction was computed by MOLPRO 2006.1. 123 The NBO analysis was performed with the NBO 3.0 program 118 implemented in Gaussian 03. 119 All empirical force-field calculations were carried out using the Amber 8.0 suite of programs. 18 The MST computations were performed using a locally modified version of MOPAC 6.0. 124 The PB calculations were performed with the software package Delphi v. 4, release 1.1. 125, 126 Results and Discussion SPM vs SPSOM Model Systems. The SPM model was used to parametrize the parmbsc0 force field, 2 and our protocol by which the SPS B3LYP/6-31+G* PES was generated followed the procedure adopted in the parmbsc0 parametrization. Therefore, when comparing the SPM model with the extended SPSOM model, which should provide a more realistic electronic structure description of the sugar-phosphate segment, the following points need to be taken into account:
(1) The SPM PES was explored at the B3LYP/6-31+G* level using a 30°grid spacing. While such a grid spacing is necessary to keep the computational requirements within reasonable limits, some of the minima (such as, e.g., g -/t) may be easily missed.
(2) Whereas for SPSOM only the R and γ torsions were fixed, for SPM δ was also fixed at the fiber diffraction value (δ ) 143°), 89 which is different from the value found in highresolution crystal structures (δ ) 133°). The elimination of this degree of freedom may therefore alter the PES.
(3) While the MP2/6-31+G* minima for SPSOM are true stationary points on the MP2/6-31+G* PES, the MP2/aug-ccpVDZ "minima" of the SPM system were determined by fixing R, γ, and δ at their B3LYP/6-31+G* minima values and reoptimizing the rest of the system at the MP2/aug-cc-pVDZ level of theory. This procedure may also affect the PES, because the positions of the B3LYP and MP2 minima may differ significantly.
The SPM Model System. The full R/γ potential energy map of the SPM model determined at the B3LYP/6-31+G* level is shown in Figure 3 , where four broad minima are perceptible: (1) the canonical g -/g + (R ∼ 270°, γ ∼ 60°); (2) the g -/g -(R ∼ 270°, γ ∼ 300°); (3) the g + /g -(R ∼ 90°, γ ∼ 300°); and (4) the g + /g + (R ∼ 60°, γ ∼ 60°) minima. The geometries of the four minima were reoptimized without restrictions (other than the fixed R, γ, and δ torsions) using the MP2/aug-cc-pVDZ method. Single-point calculations at higher levels of theory (MP2/CBS//MP2/aug-cc-pVDZ and MP2/CBS+∆CCSD(T)// MP2/aug-cc-pVDZ) were then performed. [The // symbol separates the energy-evaluation (left) and geometry-optimization (right) methods.] The results in Table 1 indicate the intrinsic conformational preference for the canonical g -/g + conformation at the best level of theory (the MP2/CBS+∆CCSD(T)//MP2/aug-cc-pVDZ), with the g -/g -, g + /g -, and g + /g + conformations being disfavored by 2.1-2.8 kcal · mol -1 . Second, the preference for the g -/g + conformation is also reflected in the ff99 and B3LYP results. However, the relative energies of g -/g -, g + /g -, and g + / g + conformations are significantly different from those of the MP2/CBS values (Table 1) . Finally, the results also demonstrate that the CCSD(T) correction is negligible and can be safely omitted in calculations for the larger, SPSOM system.
The SPSOM Model System: The Amber ff99 and Ab Initio PESs. Several energy minima were located on the Amber ff99 PES of the SPSOM model, including, besides the canonical g -/g + region, the noncanonical g + /g + , g + /t, g + /g -, t/t, t/g -, t/g + , g -/t, and g -/g -conformations. As the t/g -, t/g + , and g -/gconformations have no counterparts in any X-ray (Figure 4) or MD structures, only the canonical g -/g + conformation and the noncanonical g + /g + , g + /t, t/t, g -/t and g + /g -regions were further investigated. The g + /t and g -/t conformations are the problematic substates that tend to accumulate in longer B-DNA simulations with Amber force fields. 21, 64, 65 As explained in the Methods section, because of the complexity of the PES, the lowest-lying minima cannot be guaranteed to be found for all the investigated R/γ regions. The structures were generally obtained by starting from the canonical geometry, subsequently setting up the target R/γ combination while keeping other angles constant (at their canonical values) and finally optimizing the structures with fixed R and γ. We nevertheless assume that the PES scan is sufficient for our purposes, because we are primarily interested in the relative comparison between the Amber ff99 and ab initio data. Accordingly, the minima on the B3LYP/6-31+G* and MP2/ 6-31+G* PESs were identified (see Methods) and refined by MP2/CBS//MP2/6-31+G* computations.
In spite of the relatively small size of the SPSOM model, it is not easy to characterize it unambiguously. One of the problems that had not been anticipated was the occurrence of weak C-H · · · O hydrogen bonds (HBs) in several local minima (Supporting Information, Table S1 ). Whereas for noncanonical conformers, it is not clear if their presence reflects reality, these HBs are certainly not present in the canonical structures of experimental DNA structures. However, one C-H · · · O HB was identified in the AMBER ff99 canonical g -/g + conformations, and MP2/6-31+G* yielded even two such HBs. On the other hand, no such HB was identified at the B3LYP/6-31+G* level of theory (Supporting Information, Table S1 ). The g -/g + minimum thus adopts a visually closed conformation at the MP2/ 6-31G* level, while its geometry at the B3LYP/6-31+G* level is more stretched (Supporting Information, Figure S2 ).
Analogously, three CH · · · O HBs have been found at the ff99 level for the g + /g + conformation, but only one and two HBs were found at the B3LYP/6-31+G* and MP2/6-31+G* levels, respectively (Supporting Information, Table S1 ). Apparently, the presence of these HBs depends on the theoretical level of the system's description. Such differences can be caused by several factors. By means of an NBO analysis, it was established that, because of the orbital interaction, the H3′-C3′ antibonding orbital within the HB between the O3′ of the 3′-sugar and the H3′-C3′ of the 5′-sugar is substantially more populated in the g + /g + conformation (0.0490 e) than in the canonical g -/g + (0.0415 e) one, which indicates that the DFT and MP2 procedures differ in their description of the electronic structure, with the MP2 method including the dynamical correlation effects more completely. The occurrence of these HBs may also be, at least partially, attributed to not correcting for the intramolecular BSSE in the geometry optimization, since intramolecular BSSE obviously favors compacted structures. The BSSE error is generally smaller for DFT-based methods but is large for ab initio (MP2) methods. 100 However, it does not explain, e.g., the occurrence of one such bond on the ff99 PES of g -/g + conformation.
The presence of these HBs clearly reflects a notable dependence of the geometrical features on the level of theory, which complicates any subsequent comparison of the corresponding minima. The optimal R and γ values determined at different levels of theory (ff99, B3LYP/6-31+G*, and MP2/6-31+G*) for the given substates or regions may hence substantially differ (Table 2) . For the canonical g -/g + minima, similar R/γ values have been found, irrespective of the level of theory. On the other hand, notable differences have been observed in the R angle of the g + /g + conformation. As this region is scarcely populated in X-ray crystal structures (Figure 4) , this conformation will not be further investigated. Other visible differences between the ff99 and B3LYP minima have been found for γ in the g + /gconformation (300°vs 280°) and for R in the g -/t conformation (295°vs 262°). The differences between the ff99 and MP2 minima are not negligible, namely, for γ in the g + /g -(300°vs 275°) and g + /t (190°vs 160°) conformations, and for R in the t/t (170°vs 144°) and g -/t (295°vs 279°) conformations (Table  2) . Appart from R/γ torsions, the minima may also substantially differ in other torsional angles. For example, MP2/6-31+G* and ff99 minima of the g + /g + conformer differ also in δ -1 (145°vs 125°), (232°vs 66°), and δ (143°vs 100°) torsions. Similarly, MP2/6-31+G* and ff99 minima of the t/t conformation differ in -1 (276°vs 192°) and (208°vs 176°) torsions. The differences in torsional angles between individual minima obtained at different levels of theory may be attributed mainly to the presence of CH · · · O HBs. These bonds belong between "weak hydrogen bonds", 127 and their effect on the energies relative to canonical g -/g + minima mostly cancels out. We estimate that the variations in relative energies due to the presence of CH · · · O HBs is on the order of 1.0 kcal · mol -1 . No other correlations, as, e.g., the possible correlation between the RO-P-OR valence angle and R and -1 torsions, 128 were studied in the present work.
The impact of the geometrical differences on the relative energies of the local minima can be evaluated from a comparison of the MP2/CBS//MP2/6-31+G* and MP2/CBS/ff99 results (see Table 3 ). Even though the relative stabilities of the g + /g -and g + /t conformations computed at these levels of theory are in close agreement, large differences occur in the relative energies of the g -/t, t/t, and g + /g + conformers, which amount to 1.1, 3.3, and 4.3 kcal · mol -1 , respectively. These findings, therefore, indicate the need to maintain a close correspondence between the molecular geometries in the energetic analysis of the local minima.
The energy ordering relative to the canonical conformation is the same at the MP2/6-31+G* and MP2/CBS//MP2/6-31+G* levels (Table 3) . A CBS extrapolation leads to a lowering of relative energies by 0.5-1.3 kcal · mol -1 . The orderings of the local minima conformations on the MP2/6-31+G*, MP2/CBS// MP2/6-31+G*, and Amber ff99 surfaces mutually agree, with the only exception being the g + /t and g + /g + conformations. On the other hand, more significant differences appear between the B3LYP and MP2/CBS//MP2/6-31+G* surfaces, where the only similarity is that the t/t conformation is consistently described as the least favorable one. The results are thus clearly methoddependent, and there are some differences, the origins of which are not completely clear, even between the DFT and MP2 methods.
An examination of the MP2/CBS//MP2/6-31+G* energies and ff99 data reveals that the Amber ff99 force field overstabilizes the pathological g + /t substate by 1.5 kcal · mol -1 , whereas the g -/t one is destabilized by 0.7 kcal · mol -1 when compared to the MP2/CBS//MP2/6-31+G* results. On the other hand, the t/t region lying on the path between the canonical g -/g + conformation and the flipped g + /t and g -/t conformations 54 ( Figure 4 ) is 2.5 kcal · mol -1 more stable at the MP2/CBS//MP2/ 6-31+G* level than at the ff99 one. We have further also recomputed the energies using the ff99 geometries. The differences in relative energies between the ff99 and MP2/CBS//ff99 energies are marginal (smaller than 0.9 kcal · mol -1 ) except for the g + /t conformer, which is overstabilized by 1.6 kcal · mol -1 at the ff99 level (such an overstabilization almost exactly mimics that found between ff99 and MP2/CBS//MP2/6-31+G*; see above).
The sensitivity of energies on charges was also tested by generating RESP charges for each of ff99 energy minima conformation (see Supporting Information). The relative energies of individual minima were then calculated using either charges for individual conformers, or charges averaged over all conformations. Though there exists a sensitivity to the charge model, the trends are consistent with either the charges chosen or a set of RESP charges averaged over all conformations. The relative ranking of the energies is maintained, and the g + /t conformer comes out too stable compared to QM in most charge models.
Overall, the results demonstrate that the nature of the molecular geometries and the level of theory greatly influence the energetics of the conformational landscape of the SPSOM model. This makes any quantitative analysis very complicated. Nevertheless, all calculations consistently suggest that g + /t is intrinsically overstabilized by the ff99, which could be the principal cause of the structural degradation observed in long ff99 B-DNA simulations.
The SPSOM Model System: The parmbsc0 PES. The parmbsc0 2 PES was also investigated by locating the same set of minima as for the ff99 PES. Whereas the geometries of the individual minima were almost the same as the ff99 ones (Table  2) , the relative energies reflect clear differences between the parmbsc0 and ff99 results (Table 3) . While the g -/t and g + /g + minima remained nearly unaltered, the parmbsc0 2 force field destabilized the g + /t, g + /g -, and t/t conformations by 1.3-2.0 kcal · mol -1 . It is worth mentioning that the parmbsc0 relative energies of the problematic g + /t and g -/t conformers agree well with the MP2/CBS//MP2/6-31+G* values, whereas the relative energies of the g + /g -, t/t, and g + /g + conformations are further destabilized by 1.4, 4.5, and 5.3 kcal · mol -1 at the parmbsc0 level, respectively. These data show that parmbsc0 achieves better agreement with the QM reference data for the problematic g + /t and g -/t conformations than ff99. The performance of force fields can evidently be rationalized based on intrinsic gas-phase properties of the backbone of NAs. Furthermore, the results also indicate that g + /t is the decisive substate for tuning the force field.
The SPSOM: The Influence of Hydration. Solvation can play a key role in determining the conformational space of largely charged systems. In order to estimate how hydration can affect the conformational preferences of the SPSOM model, MST computations were performed to determine the hydration free energy of the different conformations ( Table 4 ). The relative hydration free energies of different conformers were determined from gas phase geometries and added to the gas phase energy differences computed at the MP2/CBS//MP2/6-31+G* level to estimate the relative stability between the conformers in an aqueous solution. For the sake of comparison, the electrostatic component of the hydration free energy was also determined from PB computations using RESP charges derived for each MP2/6-31+G* conformation of the SPSOM model.
The results in Table 4 show that there exists a close similarity between the PB results determined using grid steps of 0.25 and 0.5 Å/grid. The largest difference between these two grids amounts only to 0.4 kcal · mol -1 (t/t conformer), which implies a relative error of 0.5%. There exists an agreement between the PB and MST results as far as the solvent-induced destabilization of the g + /g -, g -/t, and g + /g + conformers (relative to the g -/g + conformer) is concerned. However, PB results fail in predicting the differential stabilization arising upon hydration for t/t and g + /t conformations.
The results in Table 3 and in Table 4 (the total MST results) demonstrate that hydration has a dramatic influence on the relative stability of the conformations. The g -/t conformer, which is the most stable in the gas phase, has a negligible impact in the conformational space in water. Similarly, the degeneracy between the g -/g + , g + /g -and g + /g + states found in the gas phase is broken in solution, where the g -/g + conformation is preferred by a factor of 40-100. On the other hand, water greatly stabilizes the problematic g + /t conformer, which, according to our best estimates in water, is only 0.4 kcal · mol -1 higher in energy than the canonical g -/g + form. Caution is required as hydration effects can be different in a DNA environment that in a pure solvent, but it is clear that the solvent effects are as important as the intrinsic (gas-phase) preferences when determining the R/γ conformational space. It is noteworthy that the results indicate that hydration stabilizes the t/t conformer (i.e., the intermediate for a g -/g + f g + /t transition) by 2.1 kcal · mol -1 , which in turn facilitates the understanding of the nature of the artifactual R/γ transitions found in ff99 MD simulations.
Overall, the results demonstrate the complexity of the fitting procedure in the force-field development. The fitting of forcefield parameters can not always be equally accurate in all the regions of the conformational space. Therefore, the developer needs to decide which regions are low-populated, and can thus be considered with lower accuracy during the fitting process. Accordingly, inspection of the gas phase PES could suggest that not much attention is needed to be paid to the g + /t region in parametrization. However, solvation changes the energy map, and the g + /t conformer becomes important, making mistakes in its fitting a potential major source of errors in simulations.
The B3LYP and MP2 Descriptions of the Phosphate Group. The relative energies obtained at the B3LYP/6-31+G*// B3LYP/6-31+G* and MP2/CBS//MP2/6-31+G* levels reveal notable differences in several cases, such as the g -/t, g + /t, g + / g + , and t/t conformations (Table 3) . So as to elucidate the origin of those differences, we performed an NBO analysis, which makes it possible to assess the hyperconjugation effects in complex systems. 129 It was ascertained that MP2 calculations assign ∼1.8 e more to non-Lewis (i.e., delocalized) orbitals than B3LYP calculations (B3LYP and MP2 render 171.9 and 170.1 e to the classical covalent bonds or core orbitals; for reference, the corresponding HF value is 172.3 e). The B3LYP electron density is closer to that obtained without the inclusion of the electron correlation. Intuitively, for an accurate description of multicentered bonds with their larger spatial dimensions, a method accounting for higher correlation components (e.g., MP2) should be preferred over the DFT approach. We consider this as a very important qualitative result, illustrating the actual complexity of the electronic structure of the SPSOM system. The analysis is, however, complicated by additional differences. The DFT does not include the dispersion energy, while MP2 data are biased by a rather large intermolecular BSSE, which is considerably reduced at the DFT level. The final differences in the geometries and relative energies reflect a complex mixture of all the above-mentioned effects. Analyzing the complex backbone segment is definitely much less straightforward than in studies of base stacking and base pairing.
The Differences in the Electronic Description of the SPM and SPSOM Models. The effect of replacing the 3′-sugar unit with a methyl group in the SPM model was also investigated by an NBO analysis. A great advantage of the NBO analysis is that it projects the multicentered orbitals into localized bond orbitals, which are more compatible with the chemical view. [116] [117] [118] In addition, it provides a quantitative estimate of the delocalization effects between localized orbitals. 130 The anomeric effects in the dimethyl-phosphate anion have been successfully explained by employing this approach. 131, 132 The NBO analysis was performed for the HF orbitals using MP2/6-31+G*-optimized geometries.
The NBO analysis was applied to compare the electronic structure of the MP2/6-31+G*-optimized SPM and SPSOM models in three distinct conformations: g -/g + , g + /g + , and g + /t. The main difference between the two sets of data was found in the orbital interactions between the O3′ lone electron pairs and the adjacent C-H and C-C bonds of the 3′-sugar (The off-diagonal Fock matrix elements characterizing these orbital interactions are listed in Supporting Information Table S2 ). The sum of the Fock-matrix elements corresponding to these orbital interactions was almost the same for both models (ranging from 0.302 to 0.306 for the SPM model and from 0.286 to 0.315 for the SPSOM models). On the other hand, the back-donation from the nonbonding orbitals of the 3′-sugar to O3′ in the two conformers (g + /g + and g + /t) was notably weaker (the sums of the corresponding Fock matrix elements were 0.127 and 0.098 for the g + /g + and g + /t conformations, respectively) than that a The electrostatic component of the solvation free energy was calculated using either the MST continuum model, 120 or the empirical procedure based upon the PB equation (utilizing two different grid spacings).
from the methyl group (with the Fock-matrix elements being 0.164 for the g + /g + conformation and 0.124 for the g + /t conformation). In the g + /g -conformation, the back-donation was the same for both models. The electron donation from the C3′-H3′ bond to the C4′-H4′ antibond (with the corresponding Fock-matrix elements being 0.024 and 0.025 for the g + /t and g + /g + conformations, respectively) was observed in the g + /g + and g + /t conformations. Thus in the g + /g + and g + /t SPSOM conformers, a part of the electron density of the C3′-H3′ bonds was transferred to the 3′-sugar rather than to the O3′ atom.
The changes in the hyperconjugation network along the sugar-phosphate backbone arising from the omission of the nucleobases in the SPSOM model were also tested. In the g -/ g + conformer, the C1′-H bonds of both sugars were replaced with the C1′-NdCH 2 moiety, and the system was optimized at the MP2/6-31+G* level of theory with the R and γ torsion angles fixed (shown in Supporting Information Figure S3 ). As expected, the addition of the -NdCH 2 unit further extended the hyperconjugation network of both sugars (the main components of the orbital interactions are listed in Supporting Information Table S3 ) and altered their hyperconjugation network along the C3′-O3′-P-O5′-C5′ linkage. In Supporting Information Table S3 , the Fock-matrix elements corresponding to the orbital interactions between the O3′ lone pairs and the adjacent sugar are also listed. The addition of the -NdCH 2 moiety does not affect the donor-acceptor orbital interactions between the lone pair of O3′ and the C2′-C3′, C3′-C4′, or C3′-H3′ antibonding orbitals; the sum of the corresponding Fock-matrix elements is 0.29 for both the C1′-substituted and nonsubstituted forms. In contrast, the backdonation from the C2′-C3′, C3′-C4′, and C3′-H3′ bonds to the Rydberg orbitals of O3′ markedly increases in the substituted SPSOM model with respect to its nonsubstituted counterpart (the sum of the corresponding Fock-matrix elements is 0.184 and 0.126 for the models with and without -NdCH 2 groups, respectively; see Supporting Information Tables S2 and S3 ).
Conclusions
We have examined the intrinsic conformational preferences of two model systems representing the DNA sugar-phosphate backbone by means of QM and force-field calculations. The PESs of the SPM and SPSOM models show surprisingly large differences, which may be attributed not only to the different protocols used to yield them and to the complexity of torsional space but also to the different electronic structures of the two models. At this point, the SPSOM model system appears to reflect the torsional angle variability in NAs more reliably and to provide a better description of the electronic structure of the DNA backbone (including effects such as hyperconjugation).
However, despite its more complete electronic structure, the investigation of the SPSOM system is far from being straightforward. The PES is very complex, and the description depends on the theoretical level of calculations. Our results bring a general cautionary message. Because of continuing hardware and methodological advances, larger and larger fragments can be subjected to QM analyses. However, an increase in the number of atoms in the QM-gas-phase system does not mean that the calculations are gaining relevance and becoming closer to biology. In most cases, the opposite will be the case, and a simple increase in the size of the gas-phase system (dinucleotides, trinucleotides, etc., or dipeptides, tripeptides, etc.) without imposing suitably selected conformational constraints and considering solvent screening will drastically increase the magnitude of model-system incompleteness errors, which will yield structures that would never occur in realistic biological systems. The SPOSM system is on that edge.
An investigation of the SPSOM PES reveals the problematic nature of the ff99 description of conformations with the γ torsion in the trans region as compared to the high-level MP2/CBS// MP2/6-31+G* results. Whereas the ff99 energy (relative to the canonical geometry) of the g + /t conformation is lower by 1.5 kcal · mol -1 than in the case of the MP2/CBS//MP2/6-31+G* PES, the ff99 g -/t relative energy is higher by 0.7 kcal · mol -1 . Also the t/t conformation is more stable (by 2.5 kcal · mol -1 ) at the MP2/CBS//MP2/6-31+G* PES. Similarly, the ff99 relative energy of the g + /t conformation is lower by 1.6 kcal · mol -1 when compared to its value calculated at the MP2/CBS level of theory using the ff99 geometry. This may partially explain the pathological behavior of the AMBER ff99 (and also the ff94 and ff98) force fields in longer simulations of B-DNA. 21, 64, 65 In parmbsc0 2 , however, the t/t region is elevated relative to the ff99 PES by 2.0 kcal · mol -1 , and the MP2/CBS//MP2/6-31+G* PES is elevated by 4.5 kcal · mol -1 , which may impede the transition from a canonical g -/g + conformation to a flipped g + /t or g -/t conformation. A comparison of the parmbsc0 relative energies and MP2/CBS relative energies evaluated for the g + /t, g -/t, and t/t conformations at the ff99 geometries reveals that they are actually very similar, the largest difference being the destabilization of the t/t minima by 1.2 kcal · mol -1 in parmbsc0 when compared to its MP2/CBS//ff99 equivalent. These facts suggest that parmbsc0 eliminates the R/γ flips by increasing the energetic difference between the g -/g + and both g + /t and g -/t conformations, respectively, when approaching high-level QM estimates.
The hydration of the SPSOM model system also considerably affects the shape of the PES (Table 3) . Both the flipped g + /t and transitional t/t conformations are significantly stabilized upon hydration. Although these results cannot be extrapolated directly to the DNA helix environment, the computations indicate that hydration should favor the transition from the canonical g -/g + conformational state to the g + /t one. As a result, the force field must pose a substantial intrinsic penalty for the gamma trans regions, which is achieved by parmbsc0 but not by parm99.
An operation cannot be explained or the quality of any force field judged merely on the basis of the investigation of a few energetic (e.g., torsional) profiles using the gas-phase PES. Force-field validity can ultimately be demonstrated only through its thorough testing using the MD simulations of various relevant systems. parmbsc0 has already proven its validity in this respect 2 and is the only choice available for DNA simulations. It performs equally as well as parm99 for RNA, where the R/γ flip problem does not occur, as has recently been demonstrated in our numerous tests (Sponer, J., unpublished results, 2008). However, our QM calculations indicate that there might still be room for improvement in parmbsc0, because some unusual R/γ conformations are not yet well represented in the gas phase. Any further modification will, however, be a formidable task.
